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An Efficient and Effective Explicit Damping
: Time Integration Scheme
by Clifford Dey

I. Introduction

There are two general classes of solutions permitted by the set of -
‘primitive equations we usebto describe atmospheric motions - meteorological_
modes and_gravity—inertia modes.. The meteorological modes most closely
~'describe the atmospheric motions that produce most of our everyday weather
p and are therefore the ones we seek to predict. Grav1ty—inert1a motions,
although present in the atmosphere, are generally of much less importance.'

In numerical prediction models, however, the amplitudes of the gravity-

f'Ainertia modes can become abnormally large and interfere with the prediction

s :of the more important synoptic-scale meteorological motions. One method

wm:of dealing with this problem has been to develop time integration schemes
vthat reduce the amplitudes of the gravity—inertia motions while 1eaving

Pfthe:meteorological motions relatively untouched. |

| There are two general types of selectively damping time integration

'schemes. One type are those whose damping is frequency-dependent. They

rely on the fact that many of the most offensive éravity—inertia motions’

have much higher frequencies than do_the meteorological modes in order

to achieve their selectivity. Examples of frequency—dependent damping

 integration schemes are.the Euler-backward method (Matsuno, 1966) and the

Robert time filter (Robert, 1966). The second type of damping time inte~

gration schemes achieve their selectiv1ty by treating the linear terms

of the model equations, which are most closely associated with gravity—

inertia motion, differently from the nonlinear advection terms. The:

best—known scheme of this type is the semi-implicit backward method



(Kurihara, 1965). The only expliecit fechnique in this class is a vari-

" ation of the Euler-backward'schéme described by Kurihara and Tripoli

(1976).

"All of the explicit damping time integration schemes require more

computer time than the nondamping methods. This seems a rathervhigh
price to péy for noise control. In this paper, an explicit, selectively

w;’f damping time integration scheme is described that requires substantially

less computer time than simple centered differences. The computational

‘economy is achieved by incorporating into the ceqtered time integration
method a dampihg procedure originally conceived by Okamurab(see Nitté,
>‘fffl969) and later generalized by Grant (1974). The next sectlon describes

‘the basic concept of incorporating the generalized Okamura technique

‘; into the centered time difference scheme. bThe'integration method itself,

. the Semi-Interative Method, is presented and analysed in Section III.

' :.Simple numerical tests of the Semi-Iterative Method are described in the

fourth section. Sectlon V contains some concluding remarks.

I3

II. Application of the generélized Okamura procedure to centered dif-
ferences in time ‘

The basic idea behind the semi-iterative method, which will be

‘discussed in the next sectiomn, is to incorporate the generalized Okamura

technique into the centered difference time integration scheme in a

particular way. Before considering the semi-iterative scheme in its

entirety, however, it will be instructive to consider the effects of

introducing the generalized Okamura technique into centered time dif-
ferences with a simple example.

Consider the oscillation equation

(1) %%::-LKc¢,

where ¢>is any variable, t is time; k the wave number, and c is

-~



the phase_speed. A centered difference representation of: this

equation' is
4+l -1

@) $ ¢ - 2icd’ s

" where @zkc At , Atis the time step, and TAtis the time level. The

1

i~ generalized Okamura technique applied to ﬁfD is represented by the equa-

tions A ’ o, ’ ‘

9= 0 - Lmb &
CAA v

(3) G = b+ L‘“{’ PRI
%-a;rt_ 1+o()c13 ~»o((IP .

Elimination of reference to c}) in (3) gives

‘ e
ROl P = (1-0(0?)4}

o can be positive number. The first way of incorporating:this potent
. ~T

: __damping dev1ce into (2) is to replace CP with 1ts damped counterpart

- Using (4) one then obtains

Ly 4;1&1 = cf . L Bcb 3,.

"in which B = ._'L— o(CB\.?' (note that this can be done nr himes. Then -
B= (i""(o'?)n. In this note, only h=1 will he considered). |

In .order to analyze the effect of this substitution, let ‘d)qj be

',represented by

= 9, A

» the time-dependent parﬁ of 47 , be given by
T - (ke*rat
§ = ¢ :

where c* is the numerical phase velocity. Thus, .

Let ?

T3 T
glt 1 = >\§ 'E ‘ ?
g = X% .
~ikc*at .
where A\ =€ . Furthermore,
T+i T
d) = }\CP 2
(6) : - -5
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In general, )\ is a complex number (>\= ‘>\‘-+ L >\L> « The magnitude

of the time-dependent part of the solution is

' 3 ' 2 23 Y2
7 b= DAFERSTTE
while the numerical phase angle (Gv) is given by
| ; IR N ) ¥
g = ‘_"l‘@xn . *
o e

However, it will be more convenient to refer to the ratio. (R) of the

numerical to the analytic (-a) phase angle. R is given by

(® | R = -—i—_‘i‘cm‘l {%—j} .

Substituting (6) into (5), multiplying through by >\ , and rearranging

terms results in

(9) A+ 12aBh-1 =0 .

The roots of (9) are given by

. ao N = - taB % {— o28°% 4 1 } ,

Whe'n‘v—-yc‘-?‘@‘a-’r'{f. <O, at least one root of (9) will always be |

unstable. However, when — 0.7'[3'2‘ +1zQ , the magnitude of
‘both roots is unity. Recalling the definition of B, the stability

requirement becomes

S 2,¢
~ (LY + 1L 2O .,
considering the equality and expanding in terms of «{, one finds

4 2

A

(A1) oo C - 2at + 1*1/03 = 0 '»

The two solutions for & in (11) are:

1) 9 vy
on - Bieg) s Rl

Graphs - of o_{_;. and (- are given in Fig. 1. "The 0(_ root reaches a maximum
somewhere around a=3/2, then decreases. The 0(_;, root, on the other hand,

decreases monotonically, reaching the maximum value of o~ around a=3.

To fix these values with more assurance, note that

- ad R
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Since E§d%§CL is Zero when a=3/2, the maximum value'ofc{_is indeed ?eached
at that point; From (12),<J_-£L%%7 when a=3/2. Since, also from B
12), o{%= Lt€é7  when a=3, the maximum time step in this case ié‘
three times as long as the usual centered difference time stép. Everyfl
_wheré in the staﬁle region, the gmplitudeg responge is neutral. Grapﬁs'
ofV\FXXl énd R are given as a function of a fof G{ = 4/27 in Figs. 2 and

:13, respectively.

Another way to incorporate the genralized Okamura technique into centered’

| - -1 | -
time differences is to replace (b with its damped counterpart.  Then, (2) becomes
. o el -1 . (d '
- (13) b = B -2iad T,
- where, as before, 3 = 1-da", Proceeding as in the previous case, (13)
becomes _ o .
(14) )\?‘ + 2lan-0B = O
The roots of (14) are _ . ‘
- : $ /e
. T 2
-~ (15) )\:—Lat{"a*B}
. ‘ 2 -
Here, stability will always occur for ~ol+ BT, Then,
27 /2
(16) IND = {L-e0"}

The magnitude can be made less than 1 for any value of a by an appropriate
cholce of 0(.' The question is for what values of a will the inequality

hold. Utilizing the definition of B, the inequality can be written aé

— o+ il -He 20

or i_
(17) | A = = Tt

Since o{ must be positive, the maximum value of a for which (17) will
hold is 1. As increases, damping increases but the maximum allowable

- value of a decreases. The region for which-'CEEFS Z0'is shown in Fig. 4.

-~



However, the scheme is not always unstable when-CE%EKO. Iﬁ the narrow
strip between the solid and dashed lines in Fig. 4, the‘scheme is stable’
‘even though-CcarB<C). Graphs ofl>4 and R are given as a function of a
for o{=1.0 in Figs. 5 and 6, respectively.

The third way of 1ncorporating the generalized Okamura technlque
into centered time differences is to replace both 4) and Cb With their

'ﬁmdamped counterparts. Here, (2) becomes
T+l

an b= BeT 208",

where B is defined as before. Proceeding as in the previous cases, (18)

... becomes

N2 . = |
(19) - A + L?&Bk-—g = O ‘
The roots of (19) are ¢
(20) ' ')\'é“b@-@i{"&@‘(‘gz
‘ : 2z
In this case, stability always occurrs for-Cgﬁ-tgzcﬁ Then, - the magnitude
of»both roots is given'by ~
%] = {1-do

which is the same as in the previous case.  Once again, the question is

ﬁ

for what values ef a will the inquality hold. Recalling the definition
of B, the requirement becomes |

- o (3«4&) + Cl- 04(")
Proceeding as with the first case, consider now the equality and expand‘
in terms of o . Then, | |
(21) O_Q,O(Z.+ (O\Z_ZQL()X_F(O:&__K)
The two solutions for o in (21) are
(22) O{+= '%':z, 5 A = Q.{L—-O-:} .
Graphs of a{kand c{'are given in Figure 7. (As in Fig. 4, in the narrow

strip between the solid and dashed lines, the scheme is stable even though



-—O?Bk'f" B < Q0. ). DNote the similarity between Figs. 7 and 1. In .
contrast with the first case;khOWever, this scheme is a damping one
ever&where within the s;abie region. In order to determine thé maximum
allowable time step, note thﬁt | | '

9d- 2 4y
Do — 1?.__'5 okl

'fhe maximum value of of _ _occﬁrrs for O_=—\[é._ , at Whi(;h point of_* i/,_‘ . Thé_
\;élue. of a for §(+=57L.; is "2, or twiéé that of"the uéﬁal ée’htered difference |
formulation (actually because of the stable region for —Q}B‘L-HE <« O‘ 8 ,‘
' the maximum value of arwhen 0('-'-'%_[ is nearly 2.2). 'Graphs of D\} and R are
: given as a’function of a for o(=j;7¢;{‘in Figs. 8 and 9, respectively. |
| To sﬁmmarize the results of this section, there are three basic
- ways of incorporating the generalized Okamura techpique into a centered
time difference scheme. If the techni_qﬁe isi applied only to theTdltime
L‘lev'el,‘ the time step_ may be iﬁcreasedvby up to a fgctor of three, but no
damping res'ulvt‘s. 1f the technique 1s applied vonly t‘vcr> the ('K_ID At tinme levei,
strong damping resyults, but the maximum allowable time step isi r’edﬁced.'
If the scheme is applied to both the T At and (T-DAttime levels, on the other
hana, the maximum allowable timé step is increaseci by éver a.factor of 2
_ye‘t strong damping is sfill achieved. In the latter th' cases, the
amount of damping may be selected by varying the parameter « .

Althou'gh each of these three choices'resulf_s in a scheme Qith intéresting
characteristics, none is very practical. First, all the tendency terms
must be computed an extva two times for each iterati_on of the generalizéd
Okamura technique. Second, the damping is frequenéy—-dependent énd therefore -
not very selective. Third, an extra set of fields is required. Ivn each

case, however, the generalized Okamura technique can be applied to centered

>



time differences in such a way that the first_two objections are removed.
The result, referred to as the eemi—iterative scheme, features both
computational efficiency and highly selective damplng. The next section
describes and analyzes the semi—iterativevscheme and suggests that
it is a very attpactive'alterhetive to existing explicit time in;egration'
schemes. | |
III. The Semi-Tterative Method

In order to illustrate the eemi—iterative ﬁethod, consider the

following system of linear equations:

— D 2h
@3 St EES CFv+esx =9 o
= > Y -
_(24) ,.3.,% +u,,3-—'x +'FM = -
259 2% =22 _ fE L T¥ -o
.( ) /at;_‘{ “ S% g + h ax 7

in Which & is a constant zonal current, h is the mean depth of the

fluid varying only in the y dlrectlon such that

g b
Far O

and u,v, and h are_peftubation'wind compoﬁents and height, respectively.

',(26) & =

Assume the solutions to (23)-(25) are of the form

{u.’ o | iK(x-Ct)
(27) v J = (Va1 €
v b b, - _
where ¢ is the phase speed, k is the wave number (k= ?%E ” L=wavelength), and

ug,Vgos and hy are unknown amplitudes. Substitution of (27) into

7

(23)-(25) and requiring the determinant of the resulting system of linear
equations to vanish produces an equation for the phase speed c;

(28) (G"C\ ""(?)l‘r-i- L)(u C)-{--——eu = O

-

There are three real roots of (28), given by

oy ci = T+ 295 cos[9p]
(30)  Cp = &+ 2% cos_/g +2W/3:{-
GD . Cy o= T+ 24[% cos _@/"5+L”r/'b']



where

, : ~%/
Z _ -1 L [ gi? Z
w  ae- (48], b B, ado-wi [E[ S]]

C1s Cos and Cq denote the phase velocity of a meteorological wave,
an eastward moving external gravity—inertia wave, and a westword moving
- external gravity-inertia wave, respectively.

Referring to Cy;, Cy, and Cq as C =1, 3 and expressing u and v,

i3
in terms of hy, the solutions to (25) may be written as
& K (G-
I N A
% | ‘ ¢ Ky ”
. 7 . — - > - __ ] Z
J oo k(G-
RN ik (X-C%)
q‘} ‘) q)i ¢a,

‘;e coe
, It can be shown (Kurlhara, 1965, op. cit) that with substitution of

(33)

{
™Ml
B
-
<
"

(34 Nv=

<
<
1

"

A

ORI

(33) (35) into the original system, any one of (23)- (25) can be written

'in the form

. b, 14 K (¢ ul-x S
(36) = + Ko h+iK( R h = ‘:L-:“ahd

where hj represents uj,vj, Or j* This fact allows the analysis of
the semi-iterative method to proceed by considering only one equation of

the form of (27) rather than to the original system of three equations.

Using centered differences in time, equation (36) may be Written as

7}4_ -1 o . —
by = h; -2Ll<uAthj‘—CLK (cj—u.)AJc;hj 5

or letting o= KAt cmcl b'—K CCJ"'G:)ét » as
‘ T+i -1

an  h =k »Ee,(cwb\h;c .

- The semi-iterative method consists of applying the generalized Okamura

”~

technique to the terms assoclated with gravitational oscillations (those
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~involving b), then using the resulting‘damped fields for the tendency
calculations and/or to step from when making a centered time step. In

this case, the generalized Okamura technique applied to the fields at the

>

time level is written as : . - '
Aﬁ}i \1"} : ' ’ :
Teheeh
L,j uung,, —o(h = (L-abThy .
" If this proces is iterated n times, then one. finds
(38) ['zJ o= (i*c{b ) }1,}

Where_it is entirely permissible for of to be different {(but always positive)

on each iteration. In a similar manner, m generallzed Okamura iteratlons

.v_ on the’t‘i fields results in

» Cnt-4 2 .
39) ,[n‘.} = (L- pb) k ‘
‘ -1
Once again, !5 may dlffer on each 1terat10n. Replacing }1 and }7 in (37)
o by their damped counterparts glven by (38) and (39) produces the semi~

' iterative method. The result is

m . -1 ‘ L0 v
w0y bt (TR - 2i b dBThy

The analysis of (40) proceeds as in the previous section. Thus
(40) becomes
(41) N x 2 lasb) (-4 N = (1-gE)7 = ©
However, rather than evaluating’the roots of: (41) as in the previous

sectlion, a computer. program was used. There are many combinations of

a(,F>, m,_and n that could be examined.4 By way of example two categories
of combinations will be described in this section. They ere:
Category 1: m=1,o{ = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, n=0,i3=0.
Category 2:’m=n—1,a<=p= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5.
Category 1 is one iteration of the generalized Okamura ptocedute

A

applied only to hd

, using six different values of o (when of =0
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in category.l, the System reduces to simple centered differences in
time). Using the results of the previous segtion as a guide, we would
expect this to proviﬁe an increased time étep but no damping. Category
e . » -1
2 is one generalized Okamura iteration applied to both hj and ¥1J using
‘six different values fo}yr o and {?; ~ (when l=3=0 in categorjr 2, the system
reduces to simple cenfered differences in time). By settingé¥=¢5 ’ é
- 'separate iteration of the generalized Okamura procedurevwould not need
to be performed on the T-1 fields in actual pré@tiée. Again using the
previous section as a guide, we might expect the combinétions in this
Category to result in én increased time step (although less than in
“category 1) and strong damping. As before, the effect of finite differences
in space is.not considered in this simple analysis. 1Imn all'the graphs
éhown_in this section, both the amplitudé of‘% and.the fatio of the numerical
to the analytical phase speed are given aé functioné of a ( Cnti{flﬁt)
where the wave length is assumed to .be 2000 km. | |

The six category 1 éonfigurations are described in Eigures 10—15; The
behavior of the meteorological mode is shown in Figures 10 and 1ll. The most.
important thing to note here is that the graphs are the same for all
values of K. The effect of the semi-iterative method for category 1
configurations is thus restricted to the gravity—-inertia modes, which are
described in figures 12-15. |

The gravity-inertia modeé are shown for Qarious values of o, with a
mean geopotential of 8x10% m2s~2 in figures 12 znd 13. Note there is no.
damping in the stable region for any choice of &{ . Wheno{ =0.1, a large

unstable region appears at a=l1.0 and contlnues to a=3.l. Then there is

another stable region that extends to a=4.l. However, little or mno

rd
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increase in the time step is allowed until the intermediate instability area
is eliminated.  As of increases, the unstable region separating the two
sﬁable regions shrinks; and the limit (in terms of a) on the sécond stable
region shrinks as well. By the time o{ =0.3, ﬁhé intermediate unstable’
region disappears, and the‘stébility 1imitvis at a=2.5. The comparison
to the results of Section II can be seen by recalling Figure 1. There,
the d_curve rose above zero fdr a 21.0. This is the same (intermediate)
unstable region that éan be;seen in Figure 12. 1In both figures, the
intermediate unstable area was avoided by making & sufficiently'large.
Figure 13 shows that wheno(=0.3, the graviﬁy—inertié wave phase speed is
 reduced for éll values of a below the stability limit. The graphs terminate
vwheﬁ the physical and computational modé curves meet, fér the computer
progfam is‘unable to distiﬁguish one from the ofher thereafter. - This
~should be of little importance, however, because this point is very
close to tﬁe,stability liﬁit.

Figures 14 and 15 describe the effect of reducing the mean geopbtential.
while holding of fixed at 0.25. At first, as the mean geopotential is

————

reduced, the stability limit increases. However, by the time CP becomes
/2)4 3_0Hm2872' ,» the intermediate instability area noted in Figure 12
appears, substantially reducing the maximum allowéble time step. The
intermediate instability area for small values of a; can be eliminated
by increasing & . We note from Figure 12 that.this reduces the maximum
allowable time step somewhat. 1In effecf, the maximuﬁ ai]owable tiﬁe
step for this use of the semi—iferative method will be determined by the
internal gravity-inertia‘modes, for they will require the lérgest values

of «to eliminate the intermediate instability areé. As expected, there

is no damping when the semi-interative method is applied only to theq:fields.
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The behavior of six éategory 2 configurations are,described_ih Figures
16-21. The meteorological modéé are shown in Figures 16 and 17. Théré is
no effect on the meteorolgical modes wheﬁ the semi-iterative method is applied
to both the L and T-Lfields. 0ne>of the goals of this use of the seﬁi—
iterativé method has therefore been attained-there is neither damping
nor phase‘SPeed changes of the meteorological modes.

Figufes 18 and 19 describe the behavior of the gravity-inertia .
modes for various valﬁes of A , where a; is héld constant at 8}{104 m2s~2,
In this case, there is strong damping of the gravity-inertia médes throughout
the stable reglons. These graphé are similar to those in Figure 12
“in that the intefmediate instability area 1is once again present. It is
eliminated when & and @ are >0OY(not the actual minimum value needed).
When dand(& =v0.4, very strong damping of the gravity-inertia modes
occurrs for a < '1.86. Thereafter, the comput;tional'mode quickly becomes
unstable whiié the physical mode continues to ﬁe daﬁped. Therefére,
the other two goals of this use of the semi—iterativé method are also
achieved - strong damping of the.gravity;inertia modes. and an incréased
time step. As before, the phase épeeds of the gravity—inertia modes are
reduced everywheré in ﬁhe stable region for A 20,4 (Figure 19).

Figures 20 and 21 illustrate the effect of feducing the mean geopotential
while keeping of and ﬁ5 fixed at 0.35. As in the.category 1 configuration,
the intermediate instability area appears for_small values of‘zg .
Here, the values of o and F% needed to eliminate the undersired behavior
is larger than the value o4ﬁeéded in the category 1 usé. This is also
in accordance with the results of Section II, for the requirement was Az %4?7

for category 1 type use (Figure 1) While‘¥=ﬁ>?%%was needed for category

2 type use (Figure 7). Application of the generalized Okamura procedure



to both T andq?i-fields thus appears to be an attractive choice, for

strong, highly selective damping achieved while the time step may increased.
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Both uses of the semi-iterative method are testing using a free-surface

bérotropic model in the next section.

IV. Tests of the Semi-Iterative Method in a Free-Surface Barotropic

v Model

1. Experimental'Desigﬁ

The semi-iterative method was tested using a. free-surface barotropic

model. The finite difference equations are

—RKY
. _g\jx)’ + ‘3HZ e

(42) . Ty
@y V]
@y R

coriolis parameter, and g is gravity. During the generalizéd Okamura iteration
of the semi-iterative method, the right-hand side of (42)-(44) are set to zéro.

In two of the experiments; the Robert time filter was used. The time filter 1s of

the form -

g

“wsy  §°

w LT & 3
_—_X\{ — ‘.x X\/ _.
RS -

where u and v are the horizontal wind

e Y
h?

"

1-Y

A

Y
=Xy =Y ALEVES
- U, - N UV oy
—xY = XY =X
- u%/\/;f - S V;\(

—_ XY Y — — .
——t 7 1’)% . \)XYI’TY

g _(
{Sm"* s i} 9

where § is u, v, or h. -The model was integréted on a 65x65 point Northern

Hemisphere polar stereographic grid true at 60° north latitude. The

grid interval was 381lkm.

A case Wés selected in which a closed cyclonic eirculation developed

1

.'_

7

b

components, h is thevheight, f is the

over the western United States during a S5-day perlod. The initial time

of the case was 1200 GMTt, 17 May, 1981.

The initial analyses of u,v,

and h were provided by the Hough global spectral analysis (Flattery,

1971). As a consequence, the initial mass and motion fields were related

quasi—géostrophically and the initlal divergence was nearly zero.
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Initial imbalances between the mass and motion fields-lead t6 generation
. of gravity-inertia wave noise. The various schemes were examined with
respect to thelr comparative handling of both gravity—inertiavwave noise
and synoptic-scale méteoroiogical scale motions.
Five 120 hour forecaéts were made, differing only in the tiﬁe integration
- method used. The five different time schemes were |
Control: centered differences, At =10 min.
Combarison: centered differenceé, time filter with
h’:o.i‘:“;)ét = 8 min.
Expefiment_l:. Semi~-Iterative Method, m=1, « =0.30, n=0,ﬁ3=0,
4€ =30 min. : :
| Experiment 2: Semi-Iterative Method, m=l,‘x =0.30, h=0,’3 =0,

time filter with ¥ =0.90, At =30 min.

» . ' Experiment 3: Semi-Iterative Method, m=n=l,o(:;3= 0.45, AT = 20 min. ‘

2. Experimental Results

Consi&er first the graphs of RMS divergence and absolute vorticity
shown in Figures 22 and 23. 1In the control run, the RMS_divergence
maintains a level of from 4x107% to 5x1076 s-1 throughout the five

- days of the férecast. The use of the time filter with a strongly damping
coefficient of 0.15 in the coﬁparison run very effecﬁively coﬁtrols the
gravity-inertia wave noise that was present in the control run. In Exp.

1, the RMS divergence decreases at first, then increases slowly. This
is somewhat puzzeling, since the analysis of Sectioﬁ I1I indicated no
damping for this choice. As will be ééen shorfly, the five day forecast
maps produced by Exp. 1 were extremely nolsy in appearance, much more so

. ~ than in the control run. For this reason, the forecast was rerun using

the time filter with a coefficient of 0.9. This forecast is designated
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Exp. 2. Note that this.did not necessitate a reduction of the 30 min.
time step of Exp. 1. It did, however, control the noise. 1In Exp. 3,
vthe noise was controlled siightly better than even in the comparison
‘run. The RMS absolute vorticity decreased in Exps.. 2 and 3 and the
eomparison run more ‘than in either the control run or Exp. 1 although
the amount was small. The inecreased reduction of RMS absolute vorticity,
'“nes to be expected in rheieoﬁparison run and Exp. 2 due to use of the
" time filter, whieh is not a very selective noise demper. It was not
expected in Exp. 3.

The forecast 500mb. height maps are shown in Flgures (24)-(29) (for

'a portion of the grid) Here, we note a noisy map from the control run

. (figure 24) and an extremely noisy map from Exp. 1 (Figure 26) The

noise is completely eliminated by use of the time filter in Exp. 2 (Figure :
27). The maps from the comparison run and Exp. 3 are also noisefree.
The cenrral depth of the closed circnlation,is iowest in Exp. 2 and
highest in Exp. 1. It is disappointing to note that the low is not as
deep in Exp. 3 (Figure 28)'as in the controi run or even the comparison
rnn (Figure 25). The maps of wind speed and absolute vorticity (mot
shown) confirm a slight but consiStent loss of amplitude in the five day
forecast of the synoptic-scale features in Exp. 3. This is both puzzeling
and disturbing, for it seems to disagree with the enalysis in Section
ITI. The maximum,allowable time step, however, was determined experimentally
to agree quite well with the indications in Section III in all five.
forecasts.

3. Assessment of the Experimental Results

Use of the semi-iterative method can provide either an increased

time step with no damping or a smaller increase time step with strong
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damping. The computer time (CPU) required for each 120 hour forecast

was:
Control Run 96 sec.
Comparison Run 121 sec.
Experiment 1 65 sec.
Experiment 2 65 sec.
Experiment 3 o 99 sec.

Thus, the Semi-Iterative Method proves to be quite efficient. The

saving of computer time would be even greater in a complex baroclinic

- model, for the physics would only have to be computed one-half (Exp. 3)

or one-third tExps. l.and 2) as often as normally. The»damping of the
Semi-Iterative Method is also substantial, whether provided by the time '
filter, as in Exp. 2, or by the choice of parameters, aé in Exp. 3. In
this sense, the Semi~Iterative Me?hod indeed provés to be an efficient‘
and effective noise control device, as suggested iﬁréection iI.v

Several notes of qaution must, in fairness, be added to this assessnment.
First, the damping in Exp. 3 does not seem to be as selective as was
hoped at the outset and indicated by the linear analysis, for thére was
a disturbing amount of damping of the syno?tic—scale_meteérological
motions. Furthermore, although use of the time filger in Exp. 2 did
control the extreme amount of noise nbted in Exp. 1, 1t must be remembered
that fhis is only a barotropic model. The noise apparently present in Exp.
1 could therefore be eaéily controlled by the time filier. It ié possible
that application of this form of the Semi-Iterative Method to a baroclinic
model would result in internal gravity-inertia wave noise that coula not
be so easily controlled with the time filter. Oqe more factor must

also be pointed out. The Semi-Iterative Method requires an extra set
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of fields. This would increasg the storage requirements of a model unless‘
some appropriate reading in and‘writing out of fields was used.
Ve Concluding Remarks
The generalized Okamura proéedures is a potent damping device.

This paper described a methodd of incorporating this device into centered
time differences. The result is an increased time step and strong damping.

" One drawback 1ieé"in‘increased storage requirements, although creative
programming might at least alleviate this. A more serious problem lies
in the selectivity of the damping. The results of Experiments 1, 2, and
3 suggest to me that the source of the problem might lie in én imprecise
jdentification of the terms driving the gravity-inertia ﬁave motions to
- which the generalized Okamura technique is applied. If future research
gould eliminate’this drawbaék, the Semi—ite:ative Method would become a

very attractive candidate for numerical weather prediction models.
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